In 2015, an estimated 429,000 deaths and 212 million cases of malaria occurred worldwide, while 70% of the deaths occurred in children under five years old. Changes in climatic exposure such as temperature and precipitation make malaria one of the most climate sensitive outcomes. Using a global malaria mortality dataset for 105 countries between 1980 and 2010, we estimate that the global optimal temperature maximizing allage malaria mortality is 20.6, lower than previously predicted in the literature. While in the case of child mortality, a significantly lower optimum temperature of 19.3° is estimated. Our results also suggest that in Africa and Asia, the continents where malaria is most prevalent malaria mortality is maximized at 28.4 and 26.3, respectively. Furthermore, we estimate that child mortality (ages 0-4) is likely to increase by up to 20 percent in some areas due to climate change by the end of the 21st century. Abstract In 2015, an estimated 429,000 deaths and 212 million cases of malaria occurred worldwide, while 70% of the deaths occurred in children under five years old Changes in climatic exposure such as temperature and precipitation makes malaria one of the most climate sensitive outcomes. Using a global malaria mortality dataset for 105 countries between 1980 and 2010, we estimate that the global optimal temperature maximizing all-age malaria mortality is 20.6℃, lower than previously predicted in the literature. While in the case of child mortality, a significantly lower optimum temperature of 19.3°is estimated. Our results also suggest that in Africa and Asia, the continents where malaria is most prevalent malaria, mortality is maximized at 28.4℃ and 26.3℃, respectively. Furthermore, we estimate that child mortality (ages 0-4) is likely to increase by up to 20 percent in some areas due to climate change by the end of the 21 st century.
Introduction
In 2015, an estimated 429,000 deaths and 212 million cases of malaria occurred worldwide, while 70% of the deaths occurred in children under five years old (WHO, 2016) . The balance between temperature and precipitation is critical for breeding and transmission of malaria vectors and hence for the transmission of malaria. Although, the fact climatic variables affect malaria transmission is known (Alonso et al., 2011) , the impact of climatic exposure on malaria mortality is less clear.
Malaria is one of the most widely transmitted vector-borne diseases, according to the World Health Organization (WHO); the death burden of malaria has increased over the last decade . Vectorborne diseases (VBD) are infections transmitted by the bite of infected arthropod species such as mosquitoes, ticks, triatomine bugs, sandflies, and blackflies. These are among the major microbial causes of morbidity and mortality in the world today affecting nearly half of the world's population, the majority of who reside in developing countries located in the tropical and subtropical climate (WHO, 2016) .
Malaria is considered one of the most sensitive to changing environmental conditions (Martens, 1998; Martens et al., 1999; Rogers and Randolph, 2000; and Kim et al., 2012) ; it is also the most deadly and widespread. In 2014, ninety-seven countries and territories had malaria transmission while an estimated 1.2 billion people were at high risk 1 . We utilize an annual global dataset over a span of 30 years to investigate the relationship between climatic exposure (temperature and various measures of extreme precipitation) and malaria mortality. The climatic data for this paper comes from the Global Land Data Assimilation System (GLDAS), while the data on malaria deaths comes from the Institute for Health Metrics and Evaluation (IHME). Combining these datasets, we compute optimal climatic conditions for malaria mortality and provide projections due to climate change. Using population-weighted climate data for the malaria season in each country, we estimate that the optimal temperature to maximize mortality is significantly lower (20℃ 20°C and 23℃) than previously estimated. Furthermore, our results suggest that malaria mortality among children will increase by 11.5% by the end of 21st century due to climate change.
Determinants of Malaria Transmission
Changes in temperature influence the incubation period of malaria parasites and in turn malaria transmission rates. Temperature also affects the lifespan, growth, and biting rates of mosquitos (Lindsay et al., 1998; Craig et al., 1999; Grover-Kopec et al., 2005; and Gething et al., 2011) ; thus, the transmission rate of malaria is likely to have increased with rising temperature (Githeko, 2008) . Rainfall often leads to stagnant water critical for breeding of mosquito eggs (Craig et al., 1999; Kiszewski et al., 2004; and Thomson et al., 2005) . This makes malaria one of the most climate sensitive outcomes. While extreme rainfall events can synchronize vector host seeking and virus transmission, leading to increased malaria transmission and mortality (Patz et al., 2003 and Ermert et al., 2012) . The optimal temperature for malaria transmission has often been considered between 20℃ and 30℃ (Casman and Dowlatabadi, 2002 and World Bank, 2012) but Martens et al. (1997) estimated it to be 31℃. While Mordecai et al., (2013) , using thermal response functions conclude that the optimal temperature for malaria transmission is much lower at 25℃. This paper computes the optimal conditions for temperature controlling for various indicators for extreme levels of precipitation to understand the impacts of these variables on the entire distribution of malaria mortality across countries over 30 years.
Literature Review
The relationship linking climatic variables and transmission of vector-borne diseases has been studied in both the medical science and the health economics literature. Many papers including Anderson and May (1992) , Lindsay and Parson (1998,) and Lafferty (2009) , used standard epidemiological models to study the relationship between the vectors and pathogens of malaria and temperature to conclude that reproductive rate of malaria vectors increases between 0.5 -4.0% as temperature increases. A number of papers use biological models to estimate the effect of changing climatic variables on malaria also found similar results. Martens et al. (1999) , controlling for vector specific information on malaria and dengue pathogens suggest that extreme temperature and periods of heat stress aid the reproduction and transmission rate of malaria. Chaves and Koenraadt (2010) use a similar model with data from four East African countries and found that an increase in number of heat days during a season increases malaria outbreaks. Mouchet et al. (1996) conclude that a decrease in rainfall in the Sahel Region of Africa results in a decline in the transmission rate of malaria vectors. Thomson et al. (2005) controls for precipitation and sea-surface temperature in Botswana and find that the variability of the climatic variables can be used to explain nearly seventy per cent of the variability in the reported malaria incidences. While Singh and Sharma (2002) suggest that decrease in rainfall in central-India has negatively affected the productivity rate of larva responsible for malaria vectors and pathogens.
The existing literature on the relationship between climate change and transmission of vector-borne diseases mostly focuses either on individual countries (Githeko et al., 2000) or on specific sites within countries (Zhou et al., 2003) . Moreover, quantifying the impacts of the climate variables has mostly involved incorporating changes in temperature in the models (Hoshen and Morse, 2004) despite the medical literature increasingly suggesting that both temperature and precipitation affect the transmission of malaria (Zhou et al., 2004 and Zhou et al., 2007) .
Very few papers (e.g. Paaijmans et al., 2010 and Caminade et al., 2014) have studied the impact of climate exposure on malaria mortality; even these two papers use simulated models. A critical contribution of this paper is the estimation of global and continental optimal thresholds for temperature that maximizes malaria mortality.
Data and Descriptive Statistics
The climatic data has been extracted from Global Land Data Assimilation System (GLDAS) version 2, a land surface mode providing data at 1°by 1°and 3-hourly resolution (Rodell et al., 2004) . GLDAS provides reanalysis gridded climatic data obtained by ingesting satellite and ground-based observational data products using advanced land surface modelling and data assimilation techniques to generate optimal fields of land surface states and fluxes (Rodell et al., 2004) . Four land surface models and integrates a huge quantity of observation based data and executes globally at high resolutions (2.5°to 1 km) enabled by the Land Information System (LIS) (Kumar et al., 2006) . To obtain the annual data, we averaged the extracted data by grid cell, aggregated the 3-hourly data into daily data, and then computed the annual measures.
Population Weighted Climatic Exposure
The high temporal-resolution of the climatic data allows us to control for the different lengths of transmission seasons across countries. This is particularly important for comparing countries with shorter transmission seasons (e.g. Burkina Faso and Mali) rather than year-round transmission (Congo and Cameroon). The temperature in the off-season, with very low or no transmission, has very little relevance for malaria and has been excluded from the analysis.
Furthermore, we aggregate the grid cell estimates of temperature and precipitation to the country-year level using gridded population weights using population weights for the year 2000 from the Gridded Population of the World (GPW, v3). Population weighted climatic data are critical as they more closely estimate the weather being experienced by the majority of the population and not the area. Population weighted aggregation also reduces biases in sparsely populated areas and areas with complex terrains, ensuring that the climatic data is more closely matched to locations where malaria morality occurs.
While we use mean temperature for malaria season, in the case of precipitation, we compute the Standardized Precipitation Index (SPI) at 3 and 6 months' scales from the gridded GLDAS data. The SPI is based on the probability of precipitation for any time scale. The major strength of SPI is that precipitation is the only input parameter required and that it can be computed for different time scales (McKee et al. 1993) . The SPI calculation is based on the long-term precipitation (at least 20 -30 years). The long-term record is fitted to a probability distribution, which is then transformed into a normal distribution so that the mean SPI for the location and desired period is zero (Edwards and McKee 1997) . Positive SPI values indicate greater than median precipitation and negative values indicate less than median precipitation 2 .
We also use the 90 th and 99 th percentiles of the distribution of precipitation for each country; starting with the gridded data, we first compute the 90th/99th percentile of the distribution of precipitation for each grid for each year. Then we choose the corresponding maximum value of the gridded data for each country.
Malaria Mortality Data
The malaria mortality data comes from IHME's publication in The Lancet global estimates for malaria mortality -Global malaria mortality between 1980 and 2010: a systematic analysis. These estimates are based on data from 1,150 sites in 105 countries. Data from vital registration systems and from verbal autopsy studies were used for these estimates. The study uses a number of predictive models to estimate the malaria mortality with uncertainty by age, sex, country, and year -and includes critical predictors of malaria mortality such as Plasmodium falciparum, antimalarial drug resistance, and vector control and finally, out-of-sample predictive validity to select the final model. The following figures show the classification (Figure 1 , left-panel) and percentage of population at risk of malaria by country (Figure 1, right-panel) . The population-risk map shows that the high majority of malaria cases occur in Africa (90% according to some estimates). IPCC (2014) and WHO (2016) states that vector control is the single most efficient method of controlling transmission of malaria and that changes in climatic patterns may have decreased the rate of decline in mortality caused by malaria and at the same time may have increased the transmission rates in the years to come. This paper investigates this particular linkage with respect to temperature and various measures of precipitation.
Descriptive Statistics

Methodology
In order to estimate the impact of changes in the climatic variables of temperature and precipitation on malaria mortality, we use the following fixed-effects specification:
where the subscripts i and t represent country and year fixed-effects, respectively;
• γ it is the natural log of population malaria mortality rate in country i in year t.
• T it is the population weighted average temperature during the malaria season while T 2 it is the seconddegree polynomial of temperature; the relationship between the climatic variables and malaria mortality is either concave or convex.
• P it represents a vector of population weighted precipitation indices including SPI (3 and 6 months) and 90 th /99 th of the distribution of precipitation during the malaria season.
• All time-invariant factors influencing countries' malaria mortality such as health expenditure are accounted for by α i (country specific fixed-effects), while the time variant factors such as malaria eradication and vaccination efforts are accounted for by φ t (year specific fixed-effects)
• it is a random error term.
6 Results and Discussion
The first set of regressions investigates the impact of climatic exposure on all-age malaria mortality using fixed-effects regressions with robust standard errors. As temperature increases, malaria mortality at first declines but increases beyond the threshold or the optimum level of temperature. The marginal plots shows a U -shaped relationship between temperature and malaria mortality in line with the literature. We find that country-level malaria mortality is a smooth, non-linear, and convex in temperature (Figure 2 ). Equation 1 predicts that malaria mortality is maximized at an optimum temperature of 20.6℃, much lower than the estimates by Mordecai et al. (2013) and Ryan et al. (2015) . These results suggest although the malaria transmission rate declines with initial increases in temperature, as the mean temperature crosses a certain threshold, further increases in temperature starts to positively affect malaria mortality. This is a cause of concern, as the temperature continues to warm, malaria mortality may occur in countries that are currently below but close to this threshold. In the case of the precipitation controls, we find that an increase in 99 th of precipitation results in a 1.1% increase in malaria mortality (Appendix I: Table A1 ), while the SPI indices (3 and 6 months), increases malaria mortality by 11% and 13.4%, respectively.
We also compute optimal conditions for Africa and Asia, the continents where malaria is most prevalent. In the case of all-age mortality, Equation (1) predicts that malaria mortality is maximized at 28.4℃ and 26.3℃ in Africa and Asia, respectively (Figure 3 ). These non-linear results will help in understanding the effects of climate change on malaria mortality. The above results suggest that malaria mortality decreases with initial increases in temperature until the threshold is reached, beyond which malaria mortality increases. Results also show that increases in wetness levels as measured by 99 th percentile of precipitation and SPI (3 and 6 months) increases malaria mortality significantly.
Infant Mortality
According to the IHME malaria mortality dataset, infants (ages 0 to 4) are at the highest risk of malaria mortality. We find that the global optimal temperature maximizing malaria mortality among children is 19.3℃ (1.3℃ lower than the optimum for all-age mortality). While, the optimal temperature to maximize malaria mortality in Africa is 28.2℃ (0.2℃ lower than that for all-age mortality). The marginal plots ( Figure  4) show that the U -shaped relationship between temperature and malaria mortality continues to hold for mortality in this age bracket as well. As for precipitation controls, increases in the 99th percentile of precipitation increases malarial mortality in children by 1%, while increases in one unit in 3-months and 6-months SPI increase malarial mortality by 9.7% and 12.8%, respectively (Annex I: Table A3 ). These increases are slightly lower than the estimates for all-age malaria mortality.
Spatial Analysis
It is likely that malaria transmission, hence malaria mortality, across countries is spatially correlated, thus it is important to utilize spatial regression to incorporate this spatial dependence. We use a negative exponential based spatial weight, where the spatial dependence between countries decreases as the distance between the geographic centers of the countries increases. Building on Equation 1, we incorporate the spatial weight to account for the spatial structure of the data, which can be expressed as Equation 2 below:
where ρ is a spatial autoregressive coefficient, ij is a vector of error terms, and W is the spatial weight matrix, the rest of the variables remain the same from Equation 1.
In the case of all-age mortality, Equation 2 predicts that malaria mortality is maximized at between 21.5℃ and 22℃ (Appendix I: Table A4 , columns 1-3), higher than that estimated (20.6℃) using the fixed-effects regressions. In the case of child malaria mortality (age bracket of 0 to 4), we find that the optimal temperature for malaria mortality is between 21.1℃ and 21.8℃ 3 (Appendix I: Table A4 , columns 4-6), higher than the optimal temperature predicted by Equation 1. However, these optimal conditions are still significantly lower than predicted previously. The impact of precipitation controls are very similar to the estimates from the fixed-effects regressions.
Burden of Climate Change
We estimate the impact of warming on global and national level malaria mortality (all-age and child) by combining our non-linear estimations with Representative Concentration Pathway (RCP) 8.5 of future warming by the end of the century. Our temperature changes are the population-weighted country level projections averaged across all CMIP5 models. This particular approach assumes that the response of malaria mortality to future warming is similar to that of today. The estimates of country-specific warming are the ensemble mean projected warming for RCP8.5 across all global climate models contributing to CMIP5 4 .
By the end of the 21 st century, we estimate that unmitigated climate change will increase all-age malaria mortality by 2.6%. All-age malaria mortality is projected to increase in all the countries where malaria is currently present (Figure 5 , left-panel), with Sri Lanka and Philippines experiencing the highest increases. In the case of malaria mortality for the ages 0 to 4, our estimates suggest that malaria mortality in this agebracket is projected to increase by 11.6% on average (median of 11.4%) due to climate change by the of the century (Figure 5 , right-panel), with some countries experiencing 20% increases. The projected increase for child mortality (70% of total malaria mortality) is significantly higher due to the lower optimal temperature. Change in malaria mortality due to temperature change (RCP 8.5 ) by the end of 21 st . The median change in all-age malaria is projected to be 2.5% (maximum increase of 6.2%); while the median increase in child malaria mortality is projected to be 11.4%, with a maximum of 20.3%. Projections are computed using a population-weighted average of country-level temperature change under RCP 8.5.%.
Conclusion
This paper examines the relationship between population weighted climatic exposure and malaria mortality in a cross-country paradigm using panel data between 1980 and 2010. We find that the relationship between temperature and malaria mortality is highly non-linear. As temperature increases, malaria mortality initially declines but as temperature crosses a threshold, malaria mortality increases. Optimal temperature for countries that the global optimal temperature to maximize all-age and child malaria mortality is 20.6℃, lower than the estimates by Mordecai et al. (2013) and Ryan et al. (2015) . This is a cause for concern, as it would require lower degrees of increases in temperature to increase the malaria mortality in these countries and most countries in Sub-Saharan Africa have annual mean temperatures between 20 and 28℃ -containing the optimum conditions to maximize malaria related mortality. In the case of child mortality, we find a significantly lower optimum temperature of 19.3°, this is highly critical as the majority of malaria related mortality occurs among children. The continental specifications predict that malaria mortality is maximized at 28.4 and 26.3℃ in Africa and Asia, respectively -the continents where malaria is most prevalent.
As for precipitation controls, we estimate that increases in one unit of 3 and 6 months SPI results in approximately 10% increases in malaria mortality -suggesting that controlling for extreme precipitation conditions is critical. Furthermore, combining our non-linear estimates with RCP 8.5, we estimate that due to climate change, all-age malaria mortality will increase by up to 7% in some countries, while child mortality will increase significantly by up to 20%.
Our U -shaped marginal plots suggest that increasing temperature up to a certain decreases malaria mortality but beyond the threshold, any increases in mean temperature results in an increase in malaria mortality. This finding is consistent with the biological models used to study the impact of climatic variables on malaria transmission. Our results also are robust in that we use population-weighted climatic exposure during the malaria seasons across countries to ensure that we are controlling for the exposure as experienced by the population in a country. We also use spatial regressions to control for any spatial dependence of malaria transmission to validate our results. The non-linear results will help in understanding the effects of climate change on malaria mortality.
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